USF1 and USF2 are basic helix-loop-helix transcription factors implicated in the control of cellular proliferation. In HeLa cells, the USF proteins are transcriptionally active and their overexpression causes marked growth inhibition. In contrast, USF overexpression had essentially no effect on the proliferation of the Saos-2 osteosarcoma cell line. USF1 and USF2 also lacked transcriptional activity in Saos-2 cells when assayed by transient cotransfection with USF-dependent reporter genes. Yet, there was no difference in the expression, subcellular localization, or DNA-binding activity of the USF proteins in HeLa and Saos-2 cells. Furthermore, Gal4-USF1 and Gal4-USF2 fusion proteins activated transcription similarly in both cell lines. Mutational analysis and domain swapping experiments revealed that the small, highly conserved USF-specific region (USR) was responsible for the inactivity of USF in Saos-2 cells. In HeLa, the USR serves a dual function. It acts as an autonomous transcriptional activation domain at promoters containing an initiator element and also induces a conformational change that is required for USF activity at promoters lacking an initiator. Taken together, these results suggest a model in which the transcriptional activity of the USF proteins, and consequently their antiproliferative activity, is tightly controlled by interaction with a specialized coactivator that recognizes the conserved USR domain and, in contrast to USF, is not ubiquitous. The activity of USF is therefore context dependent, and evidence for USF DNA-binding activity in particular cells is insufficient to indicate USF function in transcriptional activation and growth control.
USF is a family of evolutionarily conserved basic-helix-loophelix-leucine zipper (bHLH-zip) transcription factors (8, 11, 17, 36) that interact with the DNA at symmetrical E boxes with the consensus sequence 5Ј GGTCACGTGACC 3Ј (2) . In mammals, there are two ubiquitously expressed genes, USF1 and USF2, that play an essential role during embryonic development and also have pleiotropic effects in adult animals (10, 21, 37, 38) .
One noticeable feature of the USF proteins is that they share with the Myc oncoproteins both a similar polypeptide structure and a similar DNA-binding specificity (2, 3, 14, 25) . Yet, the cellular functions of USF and Myc seem quite different. For example, overexpression of c-myc, in collaboration with a second oncogene, is sufficient to trigger the complete transformation of primary embryo fibroblasts (20) . Overexpression of USF can specifically abolish this transforming ability of c-Myc (22) . Similarly, while c-Myc overexpression often contributes to the rapid proliferation of tumor cells, USF overexpression has instead been found to inhibit growth in a number of cancer cell lines (16, 22) . Together, these observations suggest that USF and Myc play antagonistic roles in the control of mammalian cell proliferation.
The USF1 and USF2 polypeptides are very similar in their C-terminal regions, which contain the bHLH-zip domain, and consequently display identical dimerization and DNA-binding specificities (35, 36) . Also extremely conserved between USF1 and USF2 is a small domain, termed the USF-specific region (USR), that is apparently unique to the USF proteins. The USR, which is located just upstream of the basic region, is essential for transcriptional activation by USF at promoters containing both a TATA box and an initiator element (23) . The amino acid sequences of USF1 and USF2 are considerably more divergent in their N-terminal regions, which include in each case at least one other transcriptional activation domain (15, 23) . The major USF species present in most tissues and cell lines is the heterodimer between USF1 and USF2. USF1 homodimers are less abundant, and USF2 homodimers are usually quite scarce (36, 37, 39) .
Identification of cellular genes that are regulated by USF is complicated by the fact that most USF binding sites can also be recognized by other helix-loop-helix proteins, including all of the Myc (4, 14) and TFE3 (1, 7) family members. In addition, given their similarities but also their differences, various USF dimers may have both common and unique target genes (37) . Among the proposed USF targets, it is noteworthy that many, including p53, transforming growth factor ␤2, and cyclin B1, are genes themselves involved in proliferation or cell cycle control (6, 27, 31) .
While investigating the transcriptional and growth inhibitory properties of USF, we discovered that although the DNAbinding activity of USF was present in every cell line and tissue investigated, the transcriptional activities of the USF proteins varied. Here we report an analysis of the loss of USF function in the Saos-2 osteosarcoma cell line. The results of this analysis strongly suggest the existence of at least one additional protein, functioning as a specialized coactivator, that is absolutely re-quired for USF function and, in contrast to USF itself, is not ubiquitously expressed.
MATERIALS AND METHODS
Cell culture and transfections. The Saos-2 cell line was obtained from the American Type Culture Collection (Rockville, Md.). Both HeLa and Saos-2 cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% donor calf serum (Sigma). HeLa cells were transfected by the calcium phosphate precipitation method as previously described (23) . For Saos-2 cells, the transfection procedure was optimized by leaving the precipitate in contact with the cells for only 5 h in a 5% CO 2 incubator. To compare results between the two cell lines, cotransfected plasmids included in each case 2.2 g of pSV40-␤-galactosidase as an internal control and the amounts of extracts used for electrophoretic mobility shift assay (EMSA) and Western blot analysis were normalized to equal ␤-galactosidase units. Luciferase and chloramphenicol acetyltransferase (CAT) assays were carried out as previously described (23) .
For colony formation assay, the cells were transfected with 2 g of pSV2neo and 6 g of either pSG5, psvUSF1, or psvUSF2 (23, 24) . After 3 weeks of selection in G418 (400 g/ml), resistant colonies were stained with crystal violet and counted.
Plasmids. Reporter plasmids were as described previously (24, 23) . Derivation of the expression vectors for USF2⌬B, U2⌬N, U2⌬(7-186), U2⌬USR, and G-U2(96-199) (Gal4-USF2) has also been previously reported (23) . Construction of the USF2-VP16 expression vector, a generous gift from Howard Towle (University of Minnesota), is described in the work of Kayto et al. (12) . Plasmid G-U1NS (Gal4-USF1) was constructed by inserting the end-filled NarI-to-ScaI fragment of the USF1 cDNA into the SmaI site of a pSG424 vector (29) . The resulting Gal4-USF1 fusion protein therefore contained amino acids 80 to 169 of human USF1 downstream of the DNA-binding domain of Gal4 comprising amino acids 1 to 147. For construction of the U2⌬E5 mutant lacking amino acids 144 to 188 of USF2, restriction sites for NheI were introduced on each side of the exon 5 region in psvUSF2 by using the Transformer Site-Directed Mutagenesis kit (Clontech). The exon 5 region was then excised from the resulting plasmid by cleavage with NheI followed by intramolecular religation. For construction of pUSF2-TFE3, a DNA fragment encoding the bHLH-zip region of TFE3 (amino acids 130 to 234) was amplified by PCR using primers containing XhoI sites. The PCR product was then polymerized, cut with XhoI, and cloned into an XhoI-cut psvUSF2 vector. The same strategy was used to construct the E5-USF2 expression plasmid with a BamHI-restricted PCR fragment encoding amino acids 142 to 199 of USF2 that was cloned into a BamH1-cut psvUSF2 vector. The construction of all new plasmids was verified by DNA sequencing.
Construction and characterization of A-USF. The USF dominant-negative mutant (A-USF) coding sequence was cloned as an NdeI-HindIII fragment into a pRc/CMV vector (Invitrogen) modified to contain an N-terminal hemagglutinin epitope (MYPYDVPDYA) and a new polylinker (pRc/CMV566). The protein sequence of A-USF is MAYPYDVPDYAHM-ASMTGGQQMGR-DPD E EEDDE EELE EDLENWIVQLSKIIPDCSMESTKSGQSKGGILSKACDYIQ ELRQSNHRLSEELQGLDQLQLDNDVLRQQVEDLKNKNLLLRAQLRH HGLEVVIKNDSN, where the bold letters are the acidic extension. The extent and specificity of the inhibition of USF DNA binding by A-USF were examined by EMSA (Fig. 1 ). This analysis revealed that one molar equivalent of A-USF inhibited USF DNA binding very strongly (more than fourfold) and three molar equivalents essentially abolished USF DNA binding. As a control, other bHLHzip dominant-negative mutants containing the same acidic extension adjacent to the helix-loop-helix of Mitf (7, 9) , or Max (4), were incapable of inhibiting USF DNA binding even at doses of 10 molar equivalents (Fig. 1) . Natural USF1 dimers, at 4 M in a buffer containing 12.5 mM phosphate (pH 7.4) and 150 mM KCl, have a melting temperature (T m ) of 41.7°C and a calculated stability of Ϫ9.3 kcal mol Ϫ1 , while the heterodimers with A-USF display a T m of 57.8°C and a stability of Ϫ13.9 kcal mol Ϫ1 (data not shown). EMSA. Mini-nuclear extracts from HeLa and Saos-2 cells were prepared in accordance with the procedure of Schreiber et al. (32) . Standard DNA-binding reactions contained either 3 g of protein from mini-nuclear extract or 1.5 l of whole-cell extract prepared as for the luciferase assay, 1 g of poly(dI-dC), and 0.1 ng of radiolabeled probe in 10-l mixtures composed of 10 mM Tris-HCl (pH 7.9), 60 mM NaCl or KCl, 1 mM dithiothreitol, and 0.1% Triton X-100. Probes used for EMSA included a 150-bp DNA fragment or a 30-or 33-bp oligonucleotide, as indicated in the figure legends. When specified, the DNA-binding reaction mixtures also contained as a competitor DNA 10 ng of a 30-bp oligonucleotide containing or lacking the USF consensus binding site. After a 20-min incubation at 30°C, the reaction mixtures were supplemented with 2 l of a 15% Ficoll solution and analyzed by electrophoresis on 4% acrylamide-0.2% bisacrylamide-22 mM Tris-borate (pH 8.3)-0.5 mM EDTA gels.
Antibodies and indirect immunostaining. USF1-and USF2-specific rabbit polyclonal antibodies (35) were used for supershift analysis and immunostaining. USF polypeptide antibodies (Santa Cruz Biotechnology) were used for Western blot analysis. All procedures for immunostaining were carried out at room temperature. Transfected Saos-2 cells grown on coverslips were fixed in 4% formaldehyde for 15 min, washed three times with phosphate-buffered saline (PBS), permeabilized with 0.15% Triton X-100 in PBS, and washed three more times with PBS. After they were blocked with 1% bovine serum albumin (BSA) in PBS for 30 min, the cells were treated for 1 h with the primary antibodies diluted 1:200 in PBS containing 0.1% BSA, washed three times with PBS, and finally stained with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Cappel, West Chester, Pa.) diluted 1:1,000 in PBS containing 0.1% BSA. After counterstaining with propidium iodide, the coverslips were mounted on microscope slides by using 50% glycerol. Samples were examined and scanned at ϫ400 magnification with a Zeiss confocal laser scanning microscope. Composite images were assembled by using Adobe Photoshop and Canvas softwares.
RESULTS
USF is inactive in Saos-2 cells. The growth inhibitory activity of the transcription factor USF in HeLa cells was demonstrated by a colony formation assay after cotransfection with a neomycin resistance gene (22) . Overexpression of USF1 reduced by about 50% the number of neomycin-resistant colonies, while overexpression of USF2 essentially abolished colony formation. In contrast, USF1 or USF2 overexpression had essentially no effect on the colony-plating ability of Saos-2 cells ( Fig. 2A) .
Since growth inhibition in HeLa cells requires the transcriptional activation domain of USF (22) , this initial observation prompted us to examine the transcriptional activity of USF in Saos-2 cells. For this, we used the pU3MLLuc reporter, in which transcription of a luciferase gene is controlled by three USF binding sites upstream of the adenovirus major late minimum promoter (23) . In Saos-2 cells, cotransfection of either USF1 or USF2 with the pU3MLLuc reporter did not enhance luciferase activity over the basal level obtained in the absence of exogenous USF. Yet, under the same conditions, transcription from the pU3MLLuc reporter in HeLa cells was stimulated about 60-fold by USF1 and 20-fold by USF2 (Fig. 2B) . Taken together, these results suggest that exogenous USF was completely inactive in Saos-2 cells.
Expression, subcellular localization, and DNA-binding activity of USF in Saos-2 cells. We next investigated whether there were differences in the expression, subcellular localization, or DNA-binding activity of USF that could account for the differences observed between Saos-2 cells and HeLa cells. As shown in Fig. 3A , Western blot analysis of endogenous USF in nuclear extracts from HeLa and Saos-2 cells prepared under identical conditions revealed comparable USF1 and USF2 polypeptide levels in both cell lines. EMSA analysis also demonstrated similar USF DNA-binding activities in the two cell lines ( Fig. 3B) . A supershift assay using rabbit polyclonal antibodies specific to either USF1 or USF2 ( Fig. 3C ) indicated that the major USF species in Saos-2 cells were the USF1-USF2 heterodimers; USF1 homodimers were less abundant, and USF2 homodimers were almost completely absent (Fig.  3D ). This distribution is identical to that previously characterized in many other cell types, including HeLa (30, 35, 39, 36) .
To examine the subcellular localization of USF in Saos-2 cells, transiently transfected cells were stained with USF1-or USF2-specific antibodies and fluorescein-conjugated secondary antibodies and then counterstained with propidium iodide and visualized by confocal microscopy. As illustrated in Fig. 4 , staining of both USF1 and USF2 localized predominantly in the nuclei with nucleoli exclusion. In contrast, cells transfected with U2⌬B⌬USR, a USF2 mutant lacking both known nuclear localization signals (23) , showed predominantly cytoplasmic staining. These experiments indicated that the loss of USF activity in Saos-2 cells was not related to an altered subcellular localization and that, at least for USF2, the same protein domains were required for nuclear localization in Saos-2 as in HeLa cells.
The overexpression levels and integrities of exogenous USF1 and USF2 proteins produced by transient transfection with different amounts of expression vectors in HeLa and Saos-2 cells were examined by Western blotting (Fig. 5A ) and EMSA ( Fig. 5B ) and found to be similar. These titration experiments also served to rule out the possibility that the inactivity of USF in Saos-2 cells could be due to a particularly strong selfsquelching effect. When expressed at very high levels, many transcriptional activators squelch activated transcription (28) . This squelching phenomenon is thought to be due to the sequestration in solution of transcriptional components, preventing their interaction at gene promoters. However, decreasing the concentration of overexpressed USF1 or USF2 in Saos-2 cells had no effect on the activity of the cotransfected reporter, while in HeLa cells reporter activity decreased with decreasing USF concentrations (Fig. 5C ). These results were inconsistent with a strong squelching phenomenon causing the inactivity of USF in Saos-2 cells.
We also verified that the lack of growth inhibition by USF in Saos-2 cells observed in the colony formation assay was not due to a lack of expression in the stable transfection assay. Several G418-resistant colonies from Saos-2 plates transfected with pSV2neo and either USF1 or USF2 were individually expanded, and nuclear extracts were prepared. In different colonies, EMSA revealed weak to very strong overexpression of the transfected USF gene in comparison to the endogenous levels observed in colonies transfected with the empty vector (Fig. 5D) . Thus, the inability of USF to affect the colonyplating ability of Saos-2 cells was not due to a lack of expression in stably transfected cells. Instead, it probably reflected the inability of the USF proteins to activate transcription in this particular cell line.
Saos-2 USF can mediate transcriptional activation by the varicella-zoster virus IE62 protein.
Although endogenous and ectopically expressed USF extracted from Saos-2 cells bound DNA in vitro ( Fig. 3B and 5B), none of the experiments described above could rule out the possibility that DNA binding by USF was prevented in vivo, for instance, by some labile posttranslational modification or by interaction with a repressor. To examine the DNA-binding ability of Saos-2 USF in vivo, we took advantage of the known interaction between USF and the viral IE62 protein. In HeLa and other cell lines, IE62 is a very strong transcriptional activator at promoters containing a single USF binding site. This activation by IE62 utilizes either endogenous USF or ectopic USF1 or USF2 and can be inhibited by cotransfection of a USF dominant-negative mutant (24) . Cooperation with IE62 requires the DNA-binding domain of USF as well as other USF domains involved in transcriptional activation (24) . FIG. 4 . Subcellular localization of USF in Saos-2 cells. Cells were transfected with either USF2 (a to c), USF1 (d to f), or the U2⌬B⌬USR mutant (23) that lacks both of the USF2 nuclear localization signals (g to i). The transiently transfected cells were stained with USF1-or USF2-specific antibodies and fluorescein isothiocyanate-conjugated secondary antibodies (green) and counterstained with propidium iodide (red). Shown are confocal microscopy images that demonstrate the colocalization of the wild-type USF1 or USF2 proteins with DNA in the nuclei (c and f), while the nuclear localization mutant remained in the cytoplasm (i).
To determine whether IE62 could activate transcription in Saos-2 cells in cooperation with endogenous USF, cells were transfected with either the LCJM-1 reporter plasmid that contains the varicella-zoster virus DNA polymerase gene promoter driving luciferase or the related LCJM-10 plasmid in which a 3-bp mutation has been introduced in the USF binding site (24) (Fig. 6A) . IE62 activated transcription from the LCJM-1 reporter in Saos-2 cells nearly 40-fold over the basal level, while mutation of the USF site in the LCJM-10 reporter essentially abolished IE62 transactivation (Fig. 6B) . This result demonstrated that Saos-2 cells contained proteins that interacted with the USF binding site in plasmid LCJM-1 and mediated activation by IE62 through that site. To verify that these endogenous proteins were USF itself, we used USF dominantnegative mutants. Cotransfection of mutant USF2⌬B, which lacks the basic region of USF2, reduced transcriptional activation by IE62 in Saos-2 cells to 50% of the activity observed with IE62 alone (Fig. 6C) . It is important to note that under the same conditions, inhibition by USF2⌬B in HeLa cells was usually more pronounced, reducing activation by IE62 to less than 20% of the control (24) . However, this quantitative difference may simply reflect the lesser transfection efficiency for Saos-2 cells in comparison to that for HeLa cells. We therefore turned to a more potent dominant-negative mutant of USF, A-USF. In this construct, the basic region of the bHLH-zip domain of USF1 was replaced with an acidic sequence (EEEDDEEELEELE), which greatly stabilizes the heterodimers between A-USF and USF (18, 19, 26) . Consequently, A-USF is a very efficient inhibitor of USF DNA binding (Fig.   1 ). Cotransfection of A-USF reduced transactivation by IE62 in Saos-2 cells to about 20% of the control value, demonstrating that endogenous USF was indeed an essential cooperating partner for activation by IE62 in Saos-2 cells, just as in HeLa cells. Transcriptional activation by IE62 in the presence of A-USF was restored by cotransfecting either USF1 or USF2, indicating that, as also true in HeLa cells, IE62 could cooperate with either of these transcription factors to activate transcription through USF sites in Saos-2 cells (Fig. 6C ). These experiments demonstrate that both endogenous and ectopically expressed USF proteins were active in specific DNA binding in Saos-2 cells.
The domains of USF required for interaction with IE62 in Saos-2 cells were investigated by examining the effect of cotransfecting different USF constructs. Cotransfection of either USF1 or USF2 did not significantly alter LCJM-1 transcription from the level observed with IE62 alone, indicating that endogenous USF levels were already sufficient to support full activation. Cotransfection of U2⌬N, a mutant containing the bHLH-zip domain of USF2 but lacking all N-terminal sequences, strongly inhibited IE62 activity (Fig. 6D) . This demonstrated that other domains of USF2, besides those necessary for dimerization and DNA binding, were required for IE62 interaction. One of these IE62-interacting domains was located within the USR, since mutant U2⌬(7-186), which contains only the USR and bHLH-zip domains of USF2, was nearly as efficient at supporting IE62 activation as the fulllength USF proteins (Fig. 6D) . Since the USR is one of the most conserved USF domains, this result was consistent with the ability of IE62 to cooperate equally well with USF1 and USF2.
Activity of USF-VP16 fusion proteins in Saos-2 cells. To determine whether exogenous USF could not only bind DNA in Saos-2 cells but also assemble into functional transcription complexes, we investigated the activity of different fusion proteins containing the DNA-binding domain of USF2 and the VP16 transcriptional activation domain. As shown in Fig. 7B , a hybrid protein containing the VP16 activation domain fused downstream of the leucine zipper of USF2 (12) was expressed at similar levels in HeLa and Saos-2 cells. In HeLa cells, USF2-VP16 efficiently activated transcription of the pU3MLLuc reporter gene when present at low concentrations. Greater expression levels, however, were inhibitory, presumably as a result of self-squelching (28) . Interestingly, activation of pU3MLLuc transcription by USF2-VP16 in Saos-2 cells closely resembled that observed in HeLa cells, with a similar amplitude and a similar squelching at elevated concentrations (Fig.  7A) . Identical results were obtained for fusion constructs containing the VP16 activation domain inserted either at the Nterminus or in the middle of USF2 (data not shown). Taken together, these experiments demonstrated that the transcriptional deficiency of Saos-2 cells was not a general phenomenon, since transactivators such as IE62 and USF2-VP16 were active in this cell line. Also, the DNA-binding domain of USF was clearly functional in Saos-2 cells, since activation by USF2-VP16 required the presence of USF binding sites in the reporter gene (data not shown). Thus, the inactivity of the wildtype USF proteins in Saos-2 cells was not caused by their inability to interact with the promoter DNA but by their inability to subsequently activate transcription.
The USR is responsible for the inactivity of USF2 in Saos-2 cells on initiator-containing reporters. A series of deletion mutants and hybrid proteins was used to investigate the domains responsible for the inactivity of USF2 in Saos-2 cells. In the case of reporter genes containing an initiator element, previous studies had demonstrated that the USR of USF1 and USF2 functioned as an autonomous, specialized activation domain (23) . In agreement with these earlier results, a construct containing only the USR and DNA-binding domains of USF2 (U2⌬7-186) was found to strongly activate the pU3MLLuc reporter in HeLa cells, while a USF2 mutant lacking only the USR (U2⌬USR) was inactive (Fig. 8A) . Like wild-type USF2, U2⌬7-186 was completely inactive in Saos-2 cells (Fig. 8B) . This result narrowed down the possible domains responsible for USF2 loss of function in Saos-2 cells to either the USR or the C-terminal dimerization and DNA-binding domain. To discriminate between these last two possibilities, a domain swapping experiment was performed with the related bHLHzip transcription factor TFE3 (1). Overexpression of wild-type TFE3 activated transcription from the pU3MLLuc reporter to similar levels in HeLa and Saos-2 cells, confirming that the transcriptional defect of Saos-2 cells was specific to USF (Fig.  8B) . A hybrid protein composed of the N-terminal domain of USF2 and the DNA-binding domain of TFE3 displayed strong activity in HeLa cells (Fig. 8B ), even though its expression level was lower than that of wild-type USF2 (Fig. 8C) . In contrast, the same USF2-TFE3 fusion protein was completely inactive in Saos-2 cells (Fig. 8B) . This result demonstrated that the DNA-binding domain of USF2 was dispensable for cell type specificity and that inactivity in Saos-2 cells was instead associated with the USR-containing N-terminal region.
Taken together, the results of this mutational analysis strongly suggest that the inactivity of USF2 on the pU3MLLuc reporter in Saos-2 cells resulted from the inability of the USR to function as an initiator-dependent activation domain. Since the USR is highly conserved between USF1 and USF2, loss of USR function in Saos-2 cells accounted for the inactivity of both USF1 and USF2.
USF1 and USF2 contain activation domains that are active in Saos-2 cells. The USR is a specialized, initiator-dependent activation domain that does not function in the context of Gal4 fusion proteins (23) . However, additional activation domains have also been identified in both USF1 and USF2 that can, at least in HeLa cells, function as Gal4 fusions (13, 15, 23) . To investigate the activity of these more classical USF domains in Saos-2 cells, we carried out cotransfections experiments with The results of the luciferase assays, expressed as fold activation over the levels determined in the presence of the corresponding empty vector, were averaged in each case from a minimum of three independent experiments. (C) Expression of USF2 and USF2-TFE3 constructs in HeLa and Saos-2 cells was compared in one set of extracts by Western blot analysis using peptide antibodies specific to either the N or C terminus of USF2. The asterisk indicates the migration of a USFunrelated cross-reacting protein. the pG5E1bCAT reporter (Fig. 9A ) and various Gal4 fusion proteins. As illustrated in Fig. 9B , control transfections with Gal4-VP16 revealed similar activities of this potent transactivator on the pG5E1bCAT reporter in both HeLa and Saos-2 cells. Interestingly, significant transcriptional activity was also detected in both cell lines for Gal4-USF2 and Gal4-USF1 hybrid proteins. This result demonstrated that the coactivators required for the classical activation domains of USF1 and USF2 were present in Saos-2 cells.
The existence of USF activation domains that were functional in Saos-2 cells suggested that the USF inactivity could be promoter dependent. To explore this possibility, we next compared the activities of USF1 and USF2 in HeLa and Saos-2 cells by using a reporter gene containing the same E1b core promoter present in the reporter used with the Gal4-USF fusion proteins (pU2E1bCAT) (Fig. 9A) . Control transfections demonstrated that this reporter was strongly activated by USF2-VP16 as well as by IE62 in both HeLa and Saos-2 cells. In contrast, the natural USF1 and USF2 proteins again demonstrated transcriptional activity in HeLa cells exclusively and not in Saos-2 cells (Fig. 9C) . Since the activity of the Gal4-USF fusions indicated a similar availability of coactivators in both cell lines, this observation suggested that the activity of the classical activation domains of USF1 and USF2 in their natural context was somehow inhibited in Saos-2 cells.
Essential role of the USR in transcriptional activation by USF in the absence of an initiator element. Earlier studies in HeLa cells had mapped the USF2 exon 5-encoded region as the activation domain essential both for activation by Gal4-USF2 and for activation of pU2E1bCAT by wild-type USF2 (23) . Yet, the inability of USF2 to activate pU2E1bCAT in Saos-2 cells suggested additional requirements besides the presence of this exon 5 domain. These requirements were investigated by testing additional mutants (Fig. 10) . In HeLa cells, an N-terminal deletion mutant of USF2 containing only the exon 5, USR, and DNA-binding domains [construct U2⌬(7-148)] (Fig. 10) was even more active than the wild-type protein in stimulating transcription of the pU2E1bCAT reporter. However, further deletion of the exon 5 region, as in construct U2⌬(7-186), abolished activity. A USF2 mutant lacking only the exon 5 region (construct U2⌬E5) proved also completely inactive. These results confirmed the importance of the exon 5 activation domain for transactivation of E1b-driven reporters. Furthermore, since the U2⌬(7-186) and the U2⌬E5 mutants both contained an intact USR domain and were fully active with the pU3MLLuc reporter (reference 23 and data not shown), this analysis also confirmed the specificity of the USR activation domain for promoters that contained an initiator element.
Interestingly, a small deletion removing only the USR abolished the activity of USF2 in HeLa cells on the pU2E1bCAT reporter despite the presence of an intact exon 5 domain (mutant U2⌬USR) (Fig. 10 ). This result demonstrated that, within its normal context, activity of the exon 5 activation domain required the presence of the USR. Since the USR domain was found to be inactive in Saos-2 cells, its absolute requirement for activity of the exon 5 domain also explained the inactivity of USF2 in Saos-2 cells with the pU2E1bCAT reporter.
In wild-type USF2, the exon 5 and USR domains are normally adjacent. It was therefore important to establish whether this positioning played a role in the USR requirement for activity of the exon 5 domain. For this, we constructed a mutant in which an additional exon 5 domain was inserted at the N terminus of USF2, in a position expected to be out of the control of the USR. The resulting construct, E5-USF2, was found functional in Saos-2 cells, where its activity was similar to that of natural USF2 in HeLa cells (Fig. 10) . This result confirmed the intrinsic activity of the exon 5 domain in Saos-2 cells. It also suggested that, in wild-type USF2, one of the USR functions is to trigger a conformational change that exposes the adjacent exon 5 activation domain. As expected, E5-USF2, with two active exon 5 domains, displayed in HeLa cells a greatly enhanced activity as compared to that of wild-type USF2 (Fig. 10) .
DISCUSSION
The results presented in this report indicate a loss of USF function in the Saos-2 cell line. In HeLa cells, the USF proteins function as transcriptional effectors and, when overexpressed, inhibit proliferation. These two activities of USF are in all likelihood related. Indeed, effective growth inhibition by USF2 requires all functional domains of the protein, including those directly implicated in transcriptional activation (22, 22a) . Therefore, it seems likely that the inability of USF to inhibit the growth of Saos-2 cells is a direct consequence of its transcriptional inactivity.
Several possible explanations for the absence of USF activity in Saos-2 cells were ruled out by our analysis. For instance, we showed that the USF proteins properly localize in the nucleus of Saos-2 cells (Fig. 4) , where they are furthermore fully active in DNA binding ( Fig. 3 and 5 ). This latter property is also demonstrated by the ability of both endogenous and exogenous USF to mediate transcriptional activation by IE62 in a USF FIG.10 . In its natural context, the classical activation domain of USF2 is controlled by the USR. Cotransfections were carried out in HeLa and Saos-2 cells by using the pU2E1bCAT reporter and the various USF mutants depicted on the left of the figure. The results, expressed as fold activation, were calculated from a minimum of three independent experiments. E5, exon 5-encoded activation domain (hatched boxes).
binding site-dependent fashion (Fig. 6) . It is further illustrated by the activity in Saos-2 cells of the USF2-VP16 fusion protein, which necessitates its specific interaction with the promoter DNA. The inactivity of both USF1 and USF2 in Saos-2 cells on all promoters tested is not due to a deficiency of general transcription factors and/or coactivators in this cell line since several other transcription factors were as active in Saos-2 cells as in HeLa cells. Activation domains that functioned similarly in both HeLa and Saos-2 cells included those of VP16, TFE3, and IE62, as well as the classical activation domains of USF1 and USF2. The transcriptional defect of Saos-2 cells is therefore not of a general nature but is instead specific to USF.
Given that, in Saos-2 cells, USF is capable of specific interaction with its cognate binding sites in gene promoters and contains at least one functional activation domain, its complete inactivity on all reporters tested indicates that this activation domain must be masked. Two different models can be considered to account for these observations. First, a corepressor, present in Saos-2 but not HeLa cells, could interact with promoter-bound USF and interfere with the function of its activation domain. Alternatively, a specific coactivator necessary for USF activity could be either absent or inactivated in Saos-2 cells. Although our results cannot formally exclude the repressor model, several observations seem inconsistent with this idea. First, one would expect that the large amounts of exogenous USF produced in transient-transfection assays would eventually titrate out the putative repressor and unmask the activity. Second, one would imagine that the interaction of a repressor with DNA-bound USF would also prevent activation by at least some of the USF fusion proteins. Yet, in all cases tested, insertion of an additional activation domain (e.g., that of VP16) at different locations within USF2 restored transcriptional activity in Saos-2 cells. It seems therefore more likely that the transcriptional activity of USF1 and USF2 is controlled by interaction of a specialized coactivator that recognizes the conserved USR domain and is somehow inactivated in Saos-2 cells.
As depicted schematically in Fig. 11 , the specific coactivator model is also entirely consistent with the importance of different domains for transcriptional activation of different reporter genes by USF2. In the presence of an initiator element, the USR was found both necessary and sufficient for USF2 activity in HeLa cells. This result is perfectly understandable if the cofactor mediates the stimulatory effect of USF by interacting with or perhaps recruiting initiator-binding proteins. In the absence of an initiator element, cofactor binding may trigger a conformational change in USF that exposes the classical activation domain. This would explain the dual requirement in this case for both the USR and the USF2 exon 5 activation domains. Finally, the USR-dependent coactivator model is also consistent with the context-independent activity of the USF-VP16 and Gal4-USF fusion proteins (Fig. 11) .
Is the coactivator simply missing in Saos-2 cells? While this is certainly the simplest and perhaps most likely possibility, it is also conceivable that posttranslational modifications could either permit or prevent the USF-cofactor interaction. In that case, HeLa and Saos-2 cells would differ in the expression of the cognate modifying enzymes. Finally, it is important to note that the repressor and cofactor models of USF function are not necessarily exclusive. USF activity may well be controlled in different cells by both mechanisms. A similar regulation by both corepressors and coactivators is well documented in the case of the hormone receptors (33) . Whatever the mechanism involved in the cell type-dependent activity of USF, the observations reported here strongly suggest the existence of at least one cellular factor that can simultaneously affect the activity of all USF proteins. This cellular cofactor could be very similar to the viral IE62 protein, which functions equally well with USF1 or USF2 and also recognizes the USR (Fig. 6D) .
The inactivity of USF is not unique to Saos-2 cells. Preliminary studies in several cell lines suggested that a loss of USF function is not uncommon in transformed cells, especially among those derived from breast tumors (10a). These observations may have profound implications for the mechanisms of cancer progression. Indeed, our studies of embryonic fibroblasts suggested that the activity of USF could be essential in protecting cells against the tumorigenic potential of Myc (22) . Myc overexpression, whether due to gene amplification, translocation, or increased message stability, is a common event in tumor progression that favors rapid proliferation (16) . In other Fig.11 Specific coactivator model for the cell-type-dependent activity of transcription factor USF. USF and related proteins are schematically represented with classical activation domains indicated by black ovals and the USR indicated by hatched ovals. In HeLa cells, association of a specific cofactor (crescent) interacting with the USR domain mediates the transcriptional activation by USF of initiator-containing promoters. In the case of promoters lacking an initiator, binding of the cofactor triggers a conformational change that exposes the other activation domain of USF. In Saos-2 cells, the absence of the cofactor, or its inability to recognize the USR due to altered posttranslational modification, is responsible for the complete inactivity of native USF proteins. Interaction of IE62 (oval) bypasses the requirement for the cellular coactivator. This model also explains the activity in Saos-2 cells of mutants such as USF2-VP16 and E5-USF2 in which the additional activation domains are independent of proper USR function.
contexts, events leading to USF inactivation may well promote uncontrolled growth just like Myc deregulation does. While simultaneous inactivation of all alleles of the USF1 and USF2 genes is obviously unlikely to occur, the results described here strongly suggest the existence of a cofactor or modifying enzyme that is absolutely required for USF function. Thus, a complete loss of USF function could be brought about by the inactivation of a single gene, and such an event could play an essential role in tumorigenesis. The fact that Saos-2 cells are known to be deficient in both p53 and Rb activities (5, 34) raises the intriguing possibility that the inactivity of USF may come as a consequence of the loss of one of these two tumor suppressors. However, preliminary experiments indicated that neither p53 nor Rb overexpression could restore USF activity in Saos-2 cells, as determined by a transient-cotransfection assay (data not shown). Those results seem to rule out a direct involvement of either p53 or Rb in the cell-type-dependent activity of USF.
